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Whether large disturbances are qualitatively different from numerous small disturbances remains an unresolved issue in ecology sive studies addressing patch dynamics and gap-phase replacement (where a canopy tree has died, initiating active recruitment of new individuals into the canopy), especially in temperate deciduous and tropical forests, have led to good understanding of and predictive capability in these systems (e.g., Runkle 1985). By contrast, natural disturbances that affect large areas but occur infrequently have not been well studied. Whether large disturbances are qualitatively different from numerous small disturbances remains an unresolved issue in ecology, in part because of a paucity of long-term data on the effects of large-scale disturbances and the impossibility of replicating such events. During the past two decades, several large natural disturbances-the eruption of Mount St. Helens in 1980, the Yellowstone fires of 1988, and Hurricane Hugo in 1989-captured the attention of the public and received considerable postdisturbance ecological research. In this article, we compare these three natural disturbances to determine whether general trends in the ecological effects of large-scale disturbance can be detected. For example, do large disturbances create similar kinds of heterogeneity across the affected landscape? Are the spatial patterns of disturbance predictable based on landscape position? Are recovery mechanisms similar? We focus on similarities and differences in the characteristics of the disturbances, in the effects of the disturbances on vegetation, and in the postdisturbance recovery of vegetation. Our analysis takes advantage of existing data for each disturbance and draws on our individual experiences in each ecological system. Because the independent studies were not designed comparatively, data for quantitative comparisons are not always available. Nevertheless, we believe that these contrasts may provide a foundation for a detailed comparative, synthetic analysis.
The three large disturbances
We begin by providing a brief introduction to the three disturbances to be compared. These events were high in intensity and large in spatial extent. The debris avalanche deposits, or landslides, were a relatively cool 95 ?C but were deep, averaging 45 m but reaching depths of 150 m in some locations (Fairchild 1985 Hurricane disturbance includes both wind and rainfall effects. Wind intensity may be quantified by maximum gusts, sustained wind speed, duration of wind, and distance from the center of the storm system (Everham and Brokaw 1996). Scatena and Larsen (1991) developed three indices of storm intensity: maximum sustained wind and storm duration, maximum sustained wind and proximity to the storm center, and rainfall totals (as a percentage of annual rainfall). Hugo, with a fourhour duration over the island and a maximum rainfall of 339 mm (15% of the annual total), was classified as a moderate-intensity event (Scatena and Larsen 1991). As with the eruption of Mount St. Helens and the Yellowstone fires, disturbance intensity varied over the landscape (Scatena and Larsen 1991), leading to a mosaic of effects (Figure 3 ). However, detailed information on the spatial variation of wind and on the rain intensity is not usually available after a hurricane because of the impact of wind on remote weather stations.
Hurricane wind alters the structure of the forest canopy, reducing canopy height by an average of 50% (Brokaw and Grear 1991). The severity of wind damage to vegetation ranges from defoliation to debranching, stem breakage, and uprooting. Mortality of trees following hurricanes tends to be low, rarely exceeding 40% (Everham and Brokaw 1996). The severity of hurricane-related wind damage in the Luquillo Experimental Forest decreased from the northeast to the southwest. This pattern of wind damage was related to proximity to the storm's center and was modified by the Luquillo 
Characteristics of the disturbances
Disturbances and disturbance regimes can be described with a variety of parameters (e.g., White and Pickett 1985). We focus on five: the landscape heterogeneity created by the disturbance; whether the disturbance is exclusively exogenous to the system or incorporates some endogenous factors; whether the spatial pattern of disturbance was predictable based on landscape position; anticipated return time; and any regular seasonality in the disturbance events.
All three disturbances exhibited substantial heterogeneity in their severities across the landscape, and the spatial scale of the disturbance mosaic varied (Table 1 Return times for each disturbance-that is, the interval between recurrent disturbances at a given location-are relatively long, ranging from decades to centuries for large hurricanes and from one to several centuries for crown fires and for volcanoes (Table 1) We also investigated whether prior exposure to different stresses or disturbances might "precondition" vegetation such that it can better recover from a large disturbance. For crown fires, other types of disturbance do not appear to influence responsiveness to fire, although fire history may be important. For example, lodgepole pine (Pinus contorta var. latifolia) is well known for having serotinous cones that release their seed when heated. Prefire serotiny levels strongly influence postfire succession, and Muir and Lotan (1985) found that the time and severity of the most recent fire at a site was the best predictor of percent serotiny in 
Postdisturbance vegetation recovery
What is the legacy of a large-scale disturbance? Disturbance effects are mitigated by the ability of the system to recover, and the mechanisms of vegetation recovery are quite varied. We focus on modes of recovery in trees, shrubs, and herbaceous species; whether seedling establishment was gradual or pulsed; and how cover and species richness has changed through time (Table 3) . 1997) . In Puerto Rico, seedlings were most abundant 1.5-2.5 years following the hurricane, and seedfall was two to three times greater than prehurricane levels (Walker and Neris 1993). By contrast, a seedling pulse was not observed on Mount St. Helens during the first 15 years following the eruption, although average plant cover throughout the area has gradually increased (Figure 6 ). The area affected by the volcano was so large that dispersal distances exceeding several kilometers were often needed for vegetation establishment, and establishment has been gradual rather than pulsed. On the mudflows, deciduous trees that established as seedlings provided 100% cover by 1994. On the debris avalanche, cover approached 34% by 1994 but was extremely variable across the deposit. Vegetation recovery on the pyroclastic flows is still minimal and consists of isolated individuals or groups of plants in favorable microsites (del Moral and Bliss 1993).
Patterns of species richness varied among the three disturbances. Plant species richness was still increasing at the scale of sampling plots (less than 10 m2) five years after the Yellowstone fires, but overall species richness of the landscape was unaffected by fire. That is, species richness varied locally and increased as species "filled in," but cumulative species richness across all sampling points seemed insensitive to the fires. However, dominance among the herbaceous species has shifted following fire, as many species recovered but varied in relative abundance. Fireweed (Epilobium angustifolium), for example, became much more abundant after the fire than it was before. Landscape diversity-the number and relative abundance of different community types-may increase if areas previously dominated by conifer forests shift to other community types, such as meadows or aspen groves.
Following Hurricane Hugo, plant species richness increased at some sites at an intermediate spatial scale (i.e., hectares) but was maintained at both larger and smaller scales. As in Yellowstone, however, species dominance shifted substantially because early successional species thrive in the hurricane-created gaps. The addition of these early successional patches also may lead to a shortterm increase in landscape diversity. Over the next three decades, selfthinning and the short life span of the early successional species should result in reduced dominance and landscape diversity (Everham 1996 , Weaver 1986 
Synthesis: legacies of large disturbances
Ecologists still have relatively few observations and long-term studies of disturbance events that are large, severe, and infrequent. The three large-scale disturbances that we have compared here shared several characteristics. Each was relatively infrequent (returning at intervals of decades to centuries) and had strong exogenous forcing. The spatial patterns of a disturbance could be predicted based on topography if it had a known directionality (e.g., prevailing wind direction) and a sheltering effect. Although these large disturbances were spatially extensive, in all of them the effects across the landscape were heterogeneous. The complex disturbance-initiated mosaic created a legacy that will influence the ecosystem well into the future, regardless of whether primary or secondary succession was initiated. Indeed, although their effects on plants were not as catastrophic as suggested by first impressions, these disturbances may be the dominant forces influencing the structure of these systems.
Considering all modes of reestablishment of vegetation, recovery rates were highest following Hurricane Hugo and slowest following the eruption of Mount St. Helens. Mortality induced by the disturbances was generally immediate and substantial for the crown fire and volcano, whereas hurricane-induced mortality was less and lagged in time for as much as five years. Recovery mechanisms appeared to be related more to disturbance severity than to disturbance size per se. The greater survival of dominant trees following Hurricane Hugo likely was a major factor contributing to the more rapid recovery after this disturbance. Propagule availability was generally not a factor controlling response to hurricane disturbance in Puerto Rico because of the fine-grained heterogeneity of damage, low mortality, rapid flowering and fruiting, and an adequate soil seed bank. Recovery rates were slowest for the most severely disturbed areas of Mount St. Helens. When recovery was relatively rapid (as for the crown fire and hurricane), the window of opportunity for seedling establishment was short and pulsed. By contrast, when recovery was slow (as for the volcano), seedling establishment seemed to be a protracted, gradual process.
The effect of disturbance size appears to be strongly influenced by the abundance and spatial distribution of survivors and propagulesthat is, by disturbance severity. If survival is high or the seed bank is sufficient, disturbance size may be relatively unimportant for succession. By contrast, if survival and propagule availability are both low, then disturbance size becomes important for colonization and for establishment, and chance colonization events may send succession in different directions.
Given the importance of largescale disturbances in structuring ecosystems, changes in these disturbance regimes-for example, as a result of global climate change-could have substantial ecological implications. Global climate change would not affect the frequency of volcanic activity, but higher ocean surface temperatures would increase both the frequency and intensity of hurricanes. Past climate changes have altered fire regimes (e.g., Clark 1990), and simulations suggest that the Yellowstone landscape would be substantially altered by the more frequent fires associated with a warmer, drier climate or by the less frequent but even larger fires associated with a cooler, wetter climate (Gardner et al. 1996) . Understanding the response of disturbance regimes characterized by large, infrequent events to climatic change remains an important challenge.
Our comparison of the effects of the eruption of Mount St. Helens, the Yellowstone fires, and Hurricane Hugo suggests intriguing similarities and differences among these large disturbances. Our understanding of the effects of large disturbances would benefit from comparisons with other types of disturbance. 
